Although direct contact during mixing/loading, application or repair and clean-up is the major pathway by which individuals living on farms are exposed to herbicides, indirect sources such as contact with contaminated surfaces may also contribute. As part of a biomonitoring study to measure the nature and extent of exposure of farm families to herbicides, we attempted to identify potential indirect sources of exposure in a subset of 32 Ontario farms. Herbicide residues in drinking water samples as well as surface swipes of common surfaces within the home were measured and compared with urinary concentrations of the applicator, spouse and child. Residues of 2,4-dichlorophenoxyacetic acid (2,4-D) were measured on all surfaces that were tested, with the highest levels found on the washing machine knob and wash-up faucet within the home. Drinking water was not a significant source of exposure to 2,4-D for farm families. Urine samples of family members were weakly correlated with residues of 2,4-D measured on the exterior door knob. The applicators in our study, the most highly exposed subpopulation in our study group, had exposures that were less than one-third of the exposure on a daily, lifetime basis deemed to be safe by regulatory agencies in Canada and the United States. As 2,4-D residues were detected on surfaces in farm homes where 2,4-D was not reportedly used at that time, this suggests that 2,4-D applied during a previous season (or on a neighbouring farm) may be tracked into the home and persist on hard surfaces and be a chronic, albeit low level, source of exposure for family members. Pesticide applicators and their families should be counselled on hygienic practices (e.g. removing footware and washing soiled hands prior to entering the home) to reduce indirect sources of exposure.
Introduction
Epidemiologic studies of environmental contaminants often involve the study of weak associations, necessitating large studies and methods that do not always accurately estimate exposure. As it is unlikely that a single parameter or ''gold standard'' for exposure assessment will be found, approaches are required to collect and interpret a variety of information from diverse sources including information on use patterns for specific pesticide products, handling and hygienic practices collected from subject interviews, purchase records, licensing information, and environmental and biomonitoring data (Blair and Zahm, 1996) . However, before these sources of information can be used, methodologic studies are essential to assess the reliability and validity of the exposure assessment approaches.
Families living and working on farms may come into direct contact with pesticides during mixing, loading or application of the product, as well as clean-up or maintenance of the spray equipment. Although these are the dominant sources by which the pesticide handler is exposed, indirect sources may also contribute to exposure of the applicator and family members. Examples of indirect sources include contaminated soil, air, water and household surfaces.
To evaluate the validity of surrogate information collected on herbicide exposure, we designed a biomonitoring study of farm applicators and their families using the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) or 4-chloro-2-methylphenoxyacetic acid (MCPA). Previous analyses focused on measurement of 2,4-D residues in semen of applicators (Arbuckle et al., 1999a) , identifying the main predictors of the applicator's exposure (Arbuckle et al., 2002) and the extent of children's exposure to these herbicides (Arbuckle et al., 2004) . In the current analysis, we describe the results of environmental monitoring to measure indirect sources of exposure for a subset of the study population.
Methods

Study Population
In 1991-92, approximately 2000 families of reproductive age participated in the Ontario Farm Family Health Study (Savitz et al., 1997; Arbuckle et al., 1999b; Curtis et al., 1999) . Farm applicators who reported using 2,4-D or MCPA in the cohort study were recontacted in early 1996. To be eligible for the current study, the farmer had to be planning on using either of these herbicides during the coming season, had to be living with his spouse and their house had to be on the farm property. Farms in the more remote areas of northern Ontario as well as non-Englishspeaking farm operators were not included in the study for logistical reasons. A consent form was signed by the families agreeing to participate and the protocol was approved by the research ethics board at the University of Guelph. Further details on the methods are provided in earlier papers (Arbuckle et al., 1999a (Arbuckle et al., , 2002 (Arbuckle et al., , 2004 . The field study period was May through July 1996 when MCPA or 2,4-D was used for the first time during the growing season by the participants in the study. Collection of urine samples from one of their children and participation in the environmental monitoring and video-taping component of the study were optional.
Biological Sampling
Each participant was provided with instructions for urine sample collection, empty containers, two ice packs and storage coolers. Once the applicator knew when he would be applying 2,4-D or MCPA, he contacted study staff at their toll-free telephone number so that visits could be scheduled for the environmental monitoring on the first day of the application. The pesticide applicator was encouraged to follow his normal routine in handling pesticides during the study period. The pesticide applicator, spouse and one child were asked to provide one void sample immediately prior to application of the herbicides of interest (''pre'' sample) and then two consecutive 24-h total urine voids once handling of the herbicides had begun (''Day 1'' and ''Day 2'' samples). Field staff revisited the farms soon after the 48-h collection period to collect the cooler bags and samples, which were delivered to the laboratory and refrigerated until analysis.
Urine samples were analysed for 2,4-D residues using an enzyme-linked immunosorbent assay (ELISA) for 2,4-D (Arbuckle et al., 1999a) . The assay will detect any of the 2,4-D in formulations used in Canada at that time. The detection limit in urine was 1 mg/l (p.p.b.).
As the focus of this analysis was on concentration and not total absorbed dose of herbicide, urine samples were not adjusted for creatinine, given concerns that this adjustment could introduce additional sources of error (Boeniger et al., 1993; Harris et al., 2000; O'Rourke et al., 2000) .
Environmental Sampling
Drinking water samples were collected by field staff when they visited the farm to pick up the urine samples. Two 1 l samples were collected from the kitchen tap. Water was run for 5 min prior to collection. Multiresidue analytical methodologies (gas chromatography with a wide range of specific detectors) were used that allowed screening for a wide range of over 100 pesticides (phenoxy acetic acid herbicides, organophosphorus, organochlorine and organonitrogen pesticides), as well as nitrate-nitrogen and pH (Ripley et al., 1996) . The limit of detection varied with the analyte of interest and was generally of the order of 0.05-0.1 p.p.b.
Surface swipes were taken immediately prior to application and approximately 2 days later when the field staff revisited the farms to collect the cooler bags and urine samples. The designated areas were chosen to represent common areas that both the applicator and family members may contact and would facilitate tracking of the herbicide residues into the home. Wipes were made of the following surfaces: exterior door knob, telephone handle, refrigerator door handle, kitchen faucet, bathroom faucet, washing machine control panel, wash-up faucet (if different from bathroom or kitchen faucet), toilet handle, external surface of thermos, cross bar on outdoor swing set and tractor steering wheel. Each surface was wiped twice in opposite directions with a cheesecloth swab (11.5 Â 11.5 cm) soaked with 2 ml of 2-propanol. The swabs were then placed in 250 ml brown bottles and stored at À20 1 C until analysed. As a quality control of transportation and storage, spiked sampling matrices (urine and swabs) were transported from each farm at the time of sample collection. These field controls were transported, stored and analysed in a similar manner; however, unmeasured differences in how long the spiked samples may have stayed in the field vehicles prior to being used as a field control may have contributed to considerable variability in field recovery. Degradation of analyte during transportation and storage was calculated based on recovery from the field controls. In the laboratory, the swabs were brought to room temperature and 10 ml of ddH 2 0 was added to each bottle. The bottles were placed on a shaker table (3500 r.p.m.) for 1 h and then the swabs were removed from the bottles and tightly packed into 15 ml Falcon tubes with a hole punched in the bottom. The 15ml tubes were then placed in 50ml tubes and centrifuged at 750 g for 5 min to separate any remaining fluid from the swab and then filtered through 45 mm filters before analysis. The fluid was analysed for 2,4-D using the ELISA method described previously (Arbuckle et al., 1999a) . The detection limit was 1 ng/ml and values are reported as ng of 2,4-D per swab.
To test recovery of the amount of herbicide from the cheesecloth, analytical grade 2,4-D or MCPA was applied to the cheesecloth. At 48 h after application, the herbicide was extracted using the previously described method and analysed by GC/MS to validate the extraction efficiency. On average, greater than 95% of the applied 2,4-D or MCPA was recovered. However, on average, only 47% of the applied dose was recovered from field control swabs, indicating considerable amount of herbicide degraded during transport and storage. Similar results were obtained for the urine samples. The data presented were not corrected for degradation during transport and storage.
We also tested the crossreactivity of the ELISA method with other herbicides and found that approximately 20% of the MCPA dose was detected by the 2,4-D ELISA method. Other chlorophenoxyacetic acid herbicides had minimal or no crossreactivity. Similar results have been reported by Hall et al. (1989) and Fleeker (1987) . As it was not possible to distinguish between 2,4-D and MCPA using the ELISA method, the results are presented as the amount of 2,4-D with the understanding that MCPA may also have been present and contributed to the total, albeit to a lesser extent. Recovery from different surface materials (stainless steel, satin steel, painted metal and low-density polyethylene) was also tested by spiking with 1 mg of 2,4-D and wiping with alcohol swabs. The percentage of 2,4-D recovered from the surfaces ranged from 40% for painted metal to 17% for stainless steel (Bruce, 1999) .
Statistical Analysis
As the data were not normally distributed, Spearman correlation coefficients were calculated and the one-way analysis of variance Kruskal-Wallis test based on ranks was used to compare median levels among groups (SAS, 1999) .
Results
Using the Ontario Farm Family Health Study as a sampling frame, a total of 773 farmers were identified as individuals who had used 2,4-D and/or MCPA at the time of study. A telephone interview in January 1996 identified 329 families as potentially eligible for the Pesticide Exposure Assessment Study. Approximately 40% of the 215 families who signed informed consent forms to participate in the study dropped out, primarily because the spring of 1996 was cool and wet, which hampered the use of the herbicides of interest. Although 78 of the 126 participating families agreed to the environmental surface monitoring and video-taping component of the study, logistical and resource considerations resulted in the collection of samples from only 32 of the homes, 26 of which had a participating child.
Residues of 2,4-D were measured to some extent on all surfaces that were tested, with residues generally higher on the postapplication visit to the homes, particularly on the washing machine knobs, wash-up faucet and tractor steering wheel. 2,4-D residues were found on surfaces even in homes where 2,4-D had not been reported as having been used during the study period (Figure 1 ). Median surface residues of 2,4-D were consistently (but not statistically) higher on farms where 2,4-D was used (with the exception of the kitchen faucet preapplication sample).
Among the preapplication urine samples collected, 66% of the applicator's, 44% of the spouse's and 46% of the children's urine samples were at or exceeded the limit of detection of 1 mg/l for 2,4-D by the ELISA method (Table 1) . No correlations were observed among the family's urinary concentrations by time of collection (data not shown). Weak to moderately positive Spearman correlations were noted between the family's urinary concentrations and 2,4-D residues measured on surfaces; for example, the family and the house's exterior door handle, the father and the bathroom faucet, the mother and the faucet in the wash-up room, and the child and the telephone handle (Table 2) . Although the highest residues measured were found on the tractor steering wheel, there was no correlation with the father's urinary concentrations. No correlations were observed between the applicator's urinary 2,4-D concentration and an indicator of the home's total exposure (the sum of all surfaces).
Drinking water samples were collected from 122 of the 126 homes and analysed for pesticide residues. None of the pesticide levels measured exceeded the available Canadian drinking water guidelines (http://www.hc-sc.gc.ca/hecs-sesc/ water/dwgsup.htm). The most frequently measured pesticide was atrazine followed by MCPA. Although 20% of the homes had drinking water with measurable levels of at least one pesticide, detectable levels of 2,4-D and MCPA were 1% and 2.5%, respectively.
Discussion
Although our study was not designed to assess exposure from indirect sources per se, and thus did not collect information about activity patterns of subjects, our study does identify potential surfaces in and around the home that may become indirect sources of exposure to pesticides such as 2,4-D for applicators and their family. As 2,4-D was detected in about 1% of the drinking water sources monitored in the present study, and then well within acceptable Canadian guidelines, drinking water is likely not a significant source of exposure for farm families. Similarly to our data, an analysis of water samples from farms in the province of Alberta, Canada found that 3.3% had measurable levels of herbicides, with 2% positive for MCPA and 1% positive for 2,4-D (Fitzgerald et al., 2001) . In a pilot study of six farms for the US Agricultural Health Study, no pesticide residues were detected in drinking water samples collected during the nonapplication and application seasons (Melnyk et al., 1997) .
Home surfaces were likely contaminated from contact with contaminated hands or clothing of the applicator; however, aerial dispersion of herbicide droplets and deposition of contaminated dust cannot be excluded. Moreover, despite the fact that farms where 2,4-D was reportedly used during the field study had somewhat higher median residue values, they were not statistically different from farms where the herbicide was not reportedly used during the field period. This observation may point to the limited statistical power associated with our small sample size and the 20% crossreactivity of the assay with MCPA, but may also suggest that inadvertent exposure to 2,4-D, albeit at very low levels, may result from an extended half-life for 2,4-D when deposited on hard surfaces. Unlike foliar and soil samples, these indoor surfaces are protected from microbial degradation hydrolysis, photodegradation and extreme temperature changes that occur outdoors (Lewis et al., 1994) . Thus, herbicide applied in previous seasons may have been tracked indoors and persisted on surfaces in the homes, resulting in measurable levels in homes where 2,4-D had not been recently used. This may also explain the positive findings for the supposedly pre-exposure (first visit) surface swipes.
As the percentage of pre-exposure urine samples that were positive for 2,4-D did not increase substantially for the family members (other than the applicator) postapplication, these results lend weight to the hypothesis that 2,4-D is persisting in the indoor environment of the families and that recent exposures did not contribute substantially to the current exposures of the spouse and child. However, recent spraying activities likely will contribute to later exposures as the herbicide is suspended and subsequently tracked into the home. Contaminated air and dust samples from spraying activities on neighbouring farms may also contribute to the exposures measured in homes where 2,4-D was not used during the field study. 2,4-D and MCPA have been detected in rainfall and in general, levels reflected agricultural use patterns with concentrations as high as 53 mg/l 2,4-D and 26 mg/l MCPA being recorded (Hill et al., 2002) .
While the primary source of exposure for the applicator is direct handling of the herbicide, for his spouse and child, contact with contaminated surfaces and household dust are likely sources of exposure. Improper hygienic practices of the father may result in the herbicide being tracked into the home. Inhalation, diet and drinking water as well as physical contact with the applicator may also contribute to 2,4-D exposure. The only surface that was significantly correlated with urinary residues in all members of the family was the exterior door handle. The pre-exposure correlations observed may be due to handling pesticide containers and equipment in the day(s) leading up to the application. For the children in the study, the only surfaces that correlated with their urinary residues were the exterior door handle, the kitchen and bathroom faucets and the telephone handle; surprisingly, their outdoor swing set negatively correlated. A plot of the swing set and family urinary residues data showed that the negative correlations were largely driven by the nondetects on both axes.
In a series of studies in Ohio, levels of 2,4-D in the air and on floor, sill and table surfaces throughout each home were found to be orders of magnitude lower when the herbicide was applied by a professional applicator, compared to homeowner application (Nishioka et al., 1997 (Nishioka et al., , 1999 (Nishioka et al., , 2001 ). This result was attributed to the fact that the commercial applicator did not enter the home with contaminated clothing and shoes. With both types of application, an apparent gradient in 2,4-D floor dust loading was observed that corresponded to the traffic pattern through the house that family members and pets would follow when entering from outdoors. As well, 2,4-D was detected in the preapplication samples, albeit at significantly lower levels. An increase in 2,4-D loadings postapplication was also observed in unoccupied homes, indicating that transport mechanisms other than track-in were involved. During preapplication periods, the authors estimated that dietary ingestion was the main source of exposure for young children; however, during the postapplication period, dietary ingestion (53%), nondietary ingestion (41%) and dermal penetration (4%) were the main pathways (Nishioka et al., 2001 ). 2,4-D has been measured in household solid foods collected during the application period on farms (0.41-6.5 ppb) (Melnyk et al., 1997) . 2,4-D has also been measured in indoor air, floor dust and solid food at several child day-care centres in North Carolina, indicating that nondietary ingestion presumably from dust and children's hand-to-mouth activities may contribute to exposure of young children (Wilson et al., 2001) . Urinary concentrations of 2,4-D were significantly correlated with aggregate daily potential doses (Wilson et al., 2003) . 2,4-D has also been measured in house dust from some homes in and around Brownsville, Texas; however, no correlation was observed between house dust levels and urine levels (Buckley et al., 1997) .
There are a number of limitations with this study that should be considered. Contact with contaminated surfaces was not observed or documented for any of the subjects. Although surface wipe sampling provides information about the mass of contaminant on a surface, the method is not standardized and fails to relate the mass of contaminant on the surface to the mass transferred to a person's skin. Furthermore, we did not correct samples for loss of herbicide during transportation and storage, or extraction. On average, only 47% of the applied dose in the spiked cheesecloth swabs was recovered from field control swabs, implying degradation of the herbicide during transport and storage. We did not sample all possible surfaces within the home nor did we collect dust samples, so it is likely that other possible sources of exposure were missed in our analysis. Given the differences in recovery from different surface materials and the variability in roughness of the surfaces, the data presented can only be interpreted as indications of surfaces that can become contaminated and, to a lesser extent, the degree of contamination.
From an epidemiologic perspective, selection bias cannot be ruled out, as the farms participating in this study were a subset of those that had participated in a previous study (Savitz et al., 1997) and may be different from the general population of reproductive-aged farm families. Farms in remote areas of Ontario and non-English-speaking families were excluded. However, we did note variability in the range of exposure as measured by urinary concentrations of herbicides and the extent of use of personal protective equipment, so the participants were not a homogenous group of farmers with good pesticide handling practices.
Our study continues the effort to better characterize exposure to herbicides by using biological monitoring during the spraying season, complemented with environmental data for exposure pathway analysis. Surface wipe samples can be used to determine risks from direct contact pathways such as dermal or skin-to-mouth incidental ingestion, as well as indirect determinations of indoor air quality. The presence of herbicides applied exclusively outdoors on indoor surfaces implies that residues have been transported indoors via one or more transport mechanisms (e.g., foot traffic, contact of contaminated hands with indoor surfaces, spray drift). It is feasible that fine particles containing herbicides such as 2,4-D can be resuspended from turf and soil by wind, penetrate the exterior of the home through cracks and crevices, windows and doors, and be deposited on interior surfaces (Nishioka et al., 1999) . Walking over treated turf after application can result in transport of residues by footwear from turf to carpets.
In order to assess the toxicological relevance of our findings regarding incidental occupational and nonoccupational exposure to 2,4-D, if even on a relatively crude basis, we compared exposure in our study subjects to published reference values considered to be safe for the general population, even with daily dietary exposure over an entire lifetime. To do this, we converted our study exposure values, represented as 2,4-D in urine in applicators, spouse and child, to a unit exposure value for the total 48 h urine collection period that was utilized in the present study. An important limitation of this approach was the fact that our 48 h urinary collection period likely did not reflect the total dose, although other studies that collected urine to assess exposure to 2,4-D have indicated that a 48 h collection period would certainly have been adequate to have captured the majority of the absorbed dose (Feldman and Maibach, 1974; Harris and Solomon, 1992) . Utilizing this approach, we determined that the average body burdens were 0.89 mg/kg body weight for applicators, 0.016 mg/kg body weight for spouses and 0.10 mg/kg body weight for children, assuming default body weights of 77, 62 and 39 kg for applicators, spouses and children, respectively. Comparing these body burdens to the lowest reported US EPA Reference Dose of 2.5 mg/kg body weight (US EPA, 2003) or the Health Canada interim Acceptable Daily Intake of 3 mg/kg body weight (Pest Management Regulatory Agency, personal communication) reveals that even the applicators in our study, the most highly exposed subpopulation in our study group, had exposures that were less than one-third of the exposure on a daily, lifetime basis deemed to be safe by regulatory agencies in Canada and the US.
Notwithstanding, our results do, however, indicate that indoor surfaces may represent a source of chronic, albeit low level, exposure to herbicides used in an agricultural setting. Further reduction in exposure, the most important step in risk mitigation, can invariably be achieved by counselling pesticide applicators and their families on hygienic practices (e.g., removing footwear prior to entering the home, wearing gloves while handling soiled clothing during laundry and washing soiled hands prior to entering the home) to reduce indirect sources of exposure for themselves and their families. data management and editing and the Ontario farm families who participated. Analysis of drinking water samples for pesticide residues was conducted by Brian Ripley and his team at the Ontario Ministry of Agriculture, Food and Rural Affairs. This research was funded by Health Canada. This work does not necessarily reflect the views of Health Canada and no official endorsement should be inferred.
